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By F-y 3. lhning and Donald R. Bellman 

Investigations were conducted to determine the antflnock 
effecti;-eness of various additive-water solutions used as internal 
coolants in conjunction with U-F-28, Amendment-2, fuel in a 
modified CFR engfne. Each Internal-coolant solution wan injected 
at a coolant-fuel ratio of 0.50 and contained 70-percent water and 
30-percent by weight of each of the following compmnde: 

Alkyl mines 
Isopropylamine 
Isobutylamzlne 
tert-Butylamine 
KZiGamylamine 

Alkanolamines 
Ethanoladne 
Diethanolamine 
2-Amino-2-methyl-l-propanol 

Amides 
Formmide 
N-EthyXormanfde 
I?-Ethylacetamide 
N-EthylpropLmamide 
N,N-Dimethylfmmamide 
N,N-DiethylacetaMde 



Eeterocgclic cc;mpounds 
2,2-D5lilethylothylenimine 
Morphglf ne 
Pyridlne 
2-Methylpyridine 
3-Mcthylpyridine 
4-Methylpyridlne 
2,6-DimetLylpy&dtie 
Z-Vinylpyridine 

Results of investigations are also p-esented for m-F-28, 
Amendment-Z, f'uol run tith no Internal ccrolant and with water alone 
a8 the internal coolant at coolant-fuel ratios of 0.33 and 0.50. 
Three of the alkyl emfnes, the sir amides, end six of the hetero- 
cyclic oompound~ raised the knook limit af the base fuol more then 
an equivalent uount of water at moat of the fuel-air ratios investi- 
gated. Ethanolamine and 2-amino-2-?ethyl-l-prcgan91 raised the knock 
lb&t more than an equivalent mi!lnt of water at fuel-air rati 
greater than 0.093. The 21 oompounds investieted were less effective 
in raisWg the knock limit than. monmtkylcmLne, dimethylemlne, and 
ethylenediamino, whf.ch were previously investigated. 

INTROXJCTIGN 

An investigation af the antiknock effectiveness of vezious 
additive-water solutions when used as internal o~lent;r has been 
conducted at the NACA Cleveiand laboratory. X1ne campounds have been 
previously run in a CFR engine and the results are presented in rof- 
orences 1 to 3. Of We nine c~111pc)unds, moncmethylamine, dimethylamine, 
and ethylanedlamine permitted the greatest increases in tiJck-l'ait&i 
power o From considerations of the physrcal properties, bowever, the 
use of these ccsnpounds as internal coolants w->uld be restricted. For 
example, moncmethylambe and dlimethylamine are gass~ue at room temper- 
ature and have l%ted solubilities in water. E%hylonodiamino, au 
well a8 m~nomethyiamine and dimethylaraino, is corrosive in contact 
with copper, 

In an effort to find a go3d antiknock-ooolant additfvu with more 
desirable physical properties than those of the nine compounds 
prevviously investigated, water solutions of four alkyl aanlnos, three 
allCanolamines, six amides, and eight heterocyclic cwounds were 
ir+stigatod and the results are presented. 
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Each additive-water solution contafned J&percent additfve by 
weight L Bofling poirLts and solubilities of the pure addftfves me 
presented *-n_the followWg table: 

Additive 

Alicy amines 
Isopropylmtio 
Isobutylamine 
tert-Butylazks 
KGGamylamine 

(InixEd feamera) 
Alkanolmines 

N-Ekthylformamide 
N-Ethylace'tszide 
N-Ethyipropimi?& 
N,N-Mmsthylfride 

Mwpholine 
Pyridine 
2-Methylpy~Tdine 
3-Methylpyridim 
4-Methylpwidine 
2,&Di_niethylpflLdirie 

2-Vinylpyridine 159 vsa ; ?-a Iv8 

aThe following abbreviations are wed to indicate thz solu- 
bilitios of the a&X-Lives: (11, inffniteiy soluble; 
VB, very soluble; 8, soluble; 88, slightly soluble; 

bNo 
v-3, very siightly soluble. 

data are available for this=cmpomd. 
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In addition to runs made with additive-water eolutions as internal 
coolanta, runs were also made with water alone a8 the internal coolant. 

The additive-water solutions were prepared at this laboratory from 
commerciai-grade compounds and distilled water, The 2,2-dimethylothylsn- 
imine and the ti&-butylanc compounds were nbt avarlable comnrorcially 
and were prepared at this laboratory. The correct concentration of 
2,6-dI.methylpyrLdine could.be maintained only at tem>eraturee of 20" C 
or lesa. This solution was kept in an ice bath while being run. 

The merits of the internal-coolant solutions were determined by 
the effect of the ooolant on the hock-lfmited parfzr%ance of AN-F-Z, 
Amendment-2, fuel. A sfngle batch of this fuel was used in thie prosont 
investigation and in the investigations reported fn reference8 2 and 3. 

In order to av&.d confusion, the followin& defin?.tions are uoed: 

(1) Fuel: AN-F-26, Amendment-2, used as base fuel 

(2) Xater-fuel ratio: weight; ratio of water containIn no 
additive to AN-F-28, Amendment-Z, fuel 

(3) Additive-water ratio: weight ratio of pure additive to water 

(4) Internal coolant: either pure water or additive-water solution 

APPARATUS AND PR0XDURE 

The engine, auxiliary equipment, and procedure of i.nvesti&ating 
the internal coolants were the same as doscribed in reference 3. The 
additive-water solutions were run at a coolant-fuel ratio of 0.50. 
Water alone was run at coolant-fuel ratios of 0.35 and 0.50 by weight. 

The following en&no conditicna were mahtaincd constant through- 
out the program: 

Engine speed, rpm. .............. ? ........ 2500 
Compression ratio. ...................... 7.0 
Spark advance, dec B.T.C. .................. 30 
Inlet-air tampeyature, OF .................. 250 
Jacket temperature, OF .................... 250 
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ITZZSNTATION AND DlSCUSSIOB OF KSSULTS 

Knook-limited indicated mean effective pressures and frzdicat?d 
specific fuel consuuqtions plotted against fuel-air ratio fcr fuel 
with snd without water as an internal coolant are presented in 
figure 1. Stiilar d&a for fuel tith internal-coolant solutions 
containing 70-percent water by weight and 3Gpercent of each of the 
21 additives are $roeonted in figures 2 to 4. 

The following table indicatee the reproducibility of the data 
by giving rattoe of ar1t?rmetical-man deviation to average knock- 
United indicated rman effective pressure (expressed as percentage) 
aa detozmined from the rune of fuel alone and wit!1 water as an 
Fn-f;ernal coolant: 

'Ratfo of arithmetical-mean detiatfon 
Nmibor Water-fuel of to knock-limfted imep 

ratio (percent 
run8 Fuel-air ratio 

0.05tO.06~0.07~ O.CS~O.OS~O.10 

The values in this table were determined from runs made at intervals 
throughout the progrm and indicate that a good degree of reproduci- 
bility was obtained. The reproducibility of the Imock-ltifted 
performance when using internal-coolant additives, however, was not 
checked because of limited supplies. 

The results obtained in this investfgatfon are presented fn 
table I Fn terms of the ratios of the knock-limited indicated mean 
effective pressures obtained when usin& coolant additives to those 
obtatlned when using water alone at two different water-fuel ratios. 
The upper and lcrr;rer values were detemnined by the following ratios: 

uppor value, 

knock-limited imep of 0.50 (0.30 additive + ti.70 water) + 0.50 fuel 
knock-limited imep of 0.35 water + 0.65 fuel 
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lower value, 

knock-limitedfnepof 0.50 (0.30 additive + 0.70 water) -t 0.50 fuel 
knock-U&ted imep of 0.50 water + 0,50,fuel 

An upper value above 1.00 :ndLcatee that the addition of the 
addttive raised the lmock limit. This improvement in knock-limited 
performance can be attributed to the effect of the additive as an 
antiknock agent and to the improvement in cooling resulting frt~~~ the 
addI.tion of-more internal coolant per pound of fuel. A bwor velue 
above 1.00 indicates that the additive raised the hock limit a 
greater mount than an equivalent fxmunt of water. As befare, this 
Improvement may result from the ant%t~ock quality of the additive as 
well as the cooling properties. From this discuseion,an upper value 
above 1.00 together with a lower value below 1.00 therefore denote6 
that the additive raised the lu~ock limit but not as much as an 
equivalent amount of water. 

Monoamylemfne, d-lethanolemine, 2,2-dlmethylethylenimIne, and 
morphollne were lens effective than water as Internal coolants for 
all values of fuel-air ratio. EShanoUmine and 2-amino-e-methyl- 
l-propanol were more effective than water as Internal coolants at 
fuel-air ratios greater than 0.093 but were less effective then 
water at lower fuel-a.Ir ratios, The alkyl amines (with the excep- 
tion of monoamylaz~ine), the adee, and the heterocyclic compounds 
(with the exception of 2,2-dFmethylethy3enImine and morpholine) were 
more effective then water as internal coolanta for most values of 
fuel-air ratio. 

The bar graph (fig, 5) compares at fuel-air ratioe of 0.06, 
C.08, and 0.10 the offectlveness of the interna?~coolant additives 
run during this investigation with that of six internal coolants 
prev-iouely reported in reference 3. The values used in the graph 
are ratios of tho knock-limited indfcated.msan effective pressure 
permittedwith an additive-water solution aa the internal coolant 
to that permitted tith water alone as the titetil Coz&tit at a 
coolant-fuel ratio of 0.50. Monomethylamine, dImefhylam.Ine, and 
sthylenediamlne are moro effective as 'sternal-coolant additives 
than any of the other 24 co~ounds. 

The results of investigations of water solutione of four alkyl 
mines, three alAz%oILsmines, six amides, and eight hoterocyclic 
compounds aa internal-coolant additives in a CFR engine may be 
seized as followag 
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1. Three alkyl aminea, th& six amides, and six heterccyclic 
compounds were more effective than water as internal coolants for 
moat values of fuel-air ratio. 

2. I.fonoamylamine, diethanolemine, 2,2-dimethylethylenimine, 
and moqholine were less effective thzn water aa internal coolants 
for all values of fuel-air ratio, Ethanolsmine and 2-emino- 
2-methyl-1-propanol raised the knock limit at fuel-air ratios 
greater than 0.093. 

3. The 21 canpounds investigated were lees ef;"ective in 
raising the Imock limit than monomethylemine, dimethylemine, and 
ethylenediamine, which were previously investigated. 

Aircraft Engine Research Laboratory, 
Natlo-nal Advisory Canrmittee for Aeronautics, 

Cleveland, Ohio. 

1, Bollman, Donald R., and Evvard, John C.: Knock-Limited Perform- 
ance of Several Internal Coolante. NXA ACR No. 4BO8, l944. 
(Classification changed fia "Confidential" to "Restricted", 
April 1946,) 

2, Bellman, Donald R., Moeckel, W. E., end E%vard, John C.: knock- 
Limited Power Outputs from a CFR Engine Using Lnternal Coolants. 
I - Monomethylemine and Dimethylamfne, NACA ARR No. E4L21, 1944, 

3. Bellman, Donald B,, Moeckel, W. E., and Evvard, John C.: Knock- 
Limited Power Outputs from a CPR Engine Using Internal Coolants. 
II - &Lx Allphatic Amines, NACA ACR No. E5H31, 1945. fCl&dfY- 
cation changed from "Confidential" to "Restricted", April 1946.) 



~CFR engine; m-F-26, &menti?nt-2, fuel; 6ni?;ino apeed, 2500 rpm; 
co?n:n~eeeion rakh, 7.0; spark advance, 30' B.T.C.; inlet-sir tozupor- 
aturo, 250° F; jacket temyeratu?e, SC0 F. J?m* each additive there 
are tm rows of values. The upper value is the ratio 

bock-1imiteJ. b_ep_of O.SO~C.30 additive + 0.70 water + 0.50 fcol e--I_- -- 
knock-limited imp of 0,35 water + 0.65 fuel 

The lower value is the mtio 

knock,-Umited im~~oof 0.50 (0.30 add-lt-ive + 0.70 watolV) + 0.50 fuoi' _I 
knos!:-limited imp of 0.50 water + 0.50 fuel 

Additive 

Alkyl amines 
Isopr~pylamino 

Iaobutylmino 

tert-Butylamfno .w.w.. 

Monoamy~ne (ndxcd iscmero) 

Alkanolaminea 
Ethanolamjna 

Diethanolamine 

I 
1.23.1.39 1.2*/1.32'1.09 I 
1.518]1.18 1.20~1,15 1.07 

??he ccxapounde were not considered au fuels and the heats of 
ccmbuatim were neglected in coqmting the fuel-a- mticie. 

/ 
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AdditLve 

A&de8 
Formaide 1.04 

.99 

N-Ethylfomnsnide 

N-EthyiacotmSde 

I 
'1.07 

! 
1.W 

I 

.99 

.95 

I 1.03 
i .99 

H,N-Di~~ethylfon~de j .93 

I 
.&9 

N,N-Diethyiacotmide 1 .S3 

Heterocyclic cmqound8 i 2,2-D&etLylethylenimj.ne~C.32 
I .79 

Morpholine I .79 
-76 

Yyridine .QF! 
,94 

' .96 

I 
.92 

I .93 
I .89 

4-Metmlgyxidine .96 
.92 

2,6-Dixethylp~idine 1 .90 

I 
.86 

2-Vinylpyridlne t 1.0s 

1.11 I 1.26 
.98 i 1.07 

1.10 ! 3.26 
l 97 1.09 

3.5-l 
.eo 

1.0s 

I 
‘93 

.ee 1.06 

.77 I 

I 
.90 

1.16 1.3e 
1.02 I 

1.17 

1.12 
.99 I 

1.3i 
t 1.16 

1.12 i 1.32 
.99 

I 

1.12 

1.12 1.36 
.98 t 1.18 

1‘13 I 1.37 
.99;1.16 

1.24k.31 
&OS~l.lZ 

tiei-a 

1.19 It.;33 I 

1.2211.X 
I.C?Sfl.L7 

.r rati@ 
008 0 Oslo 10 . 1. ;' 1 

1.1s 1.27 
1,11 1.12 

1.26 1;24 
1.21 1.09 
1.20 1.22 
1.12 

I 
1.07 

1.23 1.28 
1.16 l.12 I 

1.01. .98 
.95 .a5 

1.27 1.25 
1.19 1.10 

1.30 1.25 
1.22 1,lO I 

1.3211.27 
1.24 1.12 

1.25 1.28 
1.17i1.13 

1.13 1 
1.10 

I 1.07 
1.05 

1.04 
1.02 

1,09 
1.06 

I 
.89 
.87 I 

1.03 
1.01 

1.06 
1.03 

1.05 
1.03 

t 

%Che comgmnds were not considered aa fuele and the heats 
of cambueticn were negLected in computing the fuel-air 
ratios. 
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Figure 3. - WPect of various amides as Intwnal-cWlaM additiwes on lmoak-limited per+ormaaoe 
OP AH-F-23, Akendnmlt-2, Iuel. cm engine; engine speed, 2500 ra; ocmpressfon ratio. 
7.0; spark edvanos. 30 0 B.T.c.; lnlet-alr temperature, 2500 F; jacket temperature, 2500 F. 
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